Mitigation of risks stemming from contaminated sediments in freshwater and estuarine environments remains an important challenge to the field of environmental science and engineering. Capping sediments with reactive materials is one approach that has recently been the subject of research and development. This research evaluated the use of organoclay as a sorbent in a reactive cap for in situ remediation of contaminated sediments, and provides an original contribution by presenting the sorption characteristics of individual polychlorinated biphenyls (PCB) congeners in the presence of high concentrations of humic acids typical of sediment porewater environments. Sorption of coplanar and noncoplanar PCBs on three commercially available organoclays was studied in this work. Studies were conducted to evaluate the kinetics of adsorption of PCBs on organoclay and to determine the effect of humic acid on the kinetics of adsorption. Isotherm studies were conducted to determine the adsorption affinity of PCBs for organoclays in the presence and absence of humic acid. Studies showed a 45 to 96% reduction in the sorption affinity for organoclays after preloading with high concentrations of humic acid, depending both on the congener and the composition of organoclay. Desorption of PCBs upon addition of humic acid after PCBs were equilibrated with organoclay was statistically significant, although the magnitude of the effect was much smaller than that observed from preloading of humic acid.
Introduction
H ydrophobic organic contaminants (HOCs) such as polychlorinated biphenyls (PCBs) are of great concern in riverine and marine environments due to their particle association, persistence, and bioaccumulation [National Research Council (NRC), 2001 . PCBs, which are a group of 209 congeners, are listed at number five in the CERCLA 2007 priority list of hazardous substances (ATSDR, 2007) . This listing is based on the toxicity of the compounds, their frequency of occurrence in national priority list (NPL) sites, and their potential of exposure to human beings. Strong sorption on sediments and slow degradation make PCBs persistent and difficult to remediate. Currently, dredging, monitored natural recovery, and in situ capping are the demonstrated remediation options for contaminated sediments. Reactive capping, which refers to the construction of a barrier layer comprised of materials that can degrade or attenuate chemicals of concern, is an alternative to dredging or standard capping for in situ management of contaminated sites that is still in the development phases.
One of the sorbents that can be used in reactive caps to sequester HOCs effectively is activated carbon. Therefore, in our previous studies (Sharma, 2008 ) the performance of activated carbon was evaluated in the presence and absence of humic acid. Results showed significant reduction in the adsorption affinity for activated carbon due to the pore blockage effect caused by preloading activated carbon with humic acid. The reduction of adsorption affinity has significant implications for the design and performance of reactive caps, and for this reason it was desirable to evaluate additional sorptive media that may perform better in the presence of natural organic matter. Some studies have suggested that sorbents such as organoclays may have better performance in the presence of natural organics that can be found in sediments (Zhao and Vance, 1998) .
Natural clays that have electrically charged and hydrophilic surfaces are ineffective in sequestration of HOCs from water ( Jayens and Boyd, 1991; Dentel et al., 1998) . Intercalation of organic cations in the interlayer spacing between the silica sheets increases this spacing and creates an organophilic zone for adsorption of HOCs and gives rise to the name organoclay. The hydrophobic characteristics of the clays can be altered by changing the properties of organic cation such as increasing the length of alkyl chain or varying the number or branches of the alkyl group (Pernyeszi et al., 2006) .
Organoclays have been studied for soil remediation, groundwater purification, industrial waste water treatment, and oil spill remediation using batch systems (Dentel et al., 1998; Zhao and Vance, 1998; Ake et al., 2003; Wiles et al., 2005; Pernyeszi et al., 2006; Carmondy et al., 2007) . Studies have shown good adsorption capacity of organoclays for chlorinated compounds such as trichloroethylene and polychlorophenols (Dentel et al., 1998; Zhao et al., 1998; Ake et al., 2003; Wiles et al., 2005; Pernyeszi et al., 2006; Carmondy et al., 2007) . However, there are no studies available that demonstrate the affinity of PCBs for organoclays or the capacity of this sorbent material. Furthermore, high concentrations of dissolved organic carbon in sediment pore water (up to 0.6 to 7.5 g=L according to Burgie, 2001) indicate the need to understand the effect of dissolved organic acids on sorption to organoclays. The two main objectives of this study were to determine the sorption affinity of PCBs for commercially available organoclays and to determine the effect of humic acid on the sorption affinity for organoclays to evaluate their applicability in contaminated sediment remediation.
Materials and Methods

Kinetic experiments
The kinetics of 2-chlorobiphenyl sorption on organoclays were investigated using CETCO (organo-bentonite; Hoffman Estates, IL) and Polymer Ventures (organo-attapulgite; Charleston, SC) organoclays. Experiments were conducted with 4 mg L À1 of 2-chlorobiphenyl for 15 days at 228C in the presence and absence of humic acid. Experiments were conducted in separate 125 mL batch reactors of either deionized (DI) water or 1 g=L humic acid solution (prepared in DI water). PCBs were spiked in the system using a stock solution of PCBs prepared in ultrahigh purity methanol, which has been shown to have no measurable effect on sorption to organoclay (Lee et al., 2005) . All the samples were continuously mixed at 150 rpm on a rotary shaker for the length of the experiment prior to sampling by centrifugation and removal of supernatant.
Experiments were conducted in 125 mL Erlenmeyer Pyrex flasks with glass stoppers to minimize volatilization loss and sorption loss to the walls of the flask. Glassware was solvent=soapy water washed and properly rinsed with reverse osmosis (RO) water followed by drying in a muffle furnace at 5008C for 8 h. Controls were prepared with each set of experiments to account for any loss of PCBs other than sorption on organoclays, and suitable recoveries from the controls were found. Experiments were run in duplicate and from each sample flask. Two subsamples were extracted to check for deviation in surrogate recovery; surrogate recoveries were all in the range of 70-120%.
Sorption isotherms
Sorption isotherms for all selected PCB congeners were conducted in separate 125-mL batch reactors of either DI water or 1-g=L humic acid solution and equilibrated for 48 h.
The equilibration time was selected on the basis of the observed sorption kinetics of organoclay while also considering the retention time of contaminants in a thin reactive cap (selection of equilibration time is discussed further in the Results section). In all the batches the amount of organoclay was held constant (0.1 g) with varying concentrations of PCBs.
Preloading of organoclay with humic acid. Organoclays were preloaded with a stock solution of 1g L À1 humic acid prepared using DI water and sodium salt of humic acid as obtained from Sigma-Aldrich (St. Louis, MO). To avoid biological growth in the system 100 mg=L sodium azide was added to the stock solution. Separate batches were prepared with a fixed amount of organoclay and 125 mL of humic acid stock solution in the Erlenmeyer flask. All the samples were thoroughly mixed at 150 rpm on a rotary shaker for 48 h and were used as such for the experiments.
For all the experiments ultrahigh purity chemicals and gas chromatograph (GC)-grade solvents obtained from Fisher Scientific (Agawam, MA) were used. The PCB congeners 2-chlorobiphenyl, 2,2 0 ,5,5 0 -tetrachlorobiphenyl, 3,3 0 ,4,4 0 -tetrachlorobiphenyl, 2,2 0 ,4,4 0 ,5,5 0 -hexachlorobiphenyl, and 3,3 0 , 4,4 0 ,5,5 0 -hexachlorobiphenyl; internal standard 2,4,6-trichlorobiphenyl and surrogate standard 2,4,5,6-tetrachloro-mxylene (TCMX) were purchased from Ultra Scientific (North Kingstown, RI) either in neat form or dissolved in hexane. The selection of PCB congeners was done on the basis of their coplanarity to represent the range of congeners from lower chlorinated to highly chlorinated with different coplanarity characteristics.
Organoclays. Three types of organoclays used in this study were obtained: PM 199 from CETCO; PS 86 from Polymer Ventures and Colorsorb 16Â40 from Biomin Inc. (Ferndale, MI). The base clay used in CETCO and Biomin Inc. organoclays was bentonite, whereas in Polymer Ventures organoclay, attapulgite was used as a base clay (Fig. 1) . Characteristics of all the three organoclays are provided in Table 1 .
Characterization of organoclays
X-ray diffraction (XRD). XRD patterns were obtained on small-angle X-ray scattering (SAXS) 2m-2D area detector using CuKa radiation with a wavelength of 1.5418 Å at the Institute of Technology Characterization Facility, University of Minnesota. The instrument was operated at 44 kV and 60 mA between 1.3 98 2y at a step size of 0.018 2y to obtain the interlayer d-spacing of organoclays (Table 1) .
Thermogravimetric analysis (TGA). Differential thermal analysis (DTA) was performed on a TA Instruments model SDTQ600 to obtain organic matter content of all three organoclays (Table 1) . Nitrogen flow was maintained at 100 mL min À1 with oxygen supply at 242 mL min À1 from 28 to 1,0008C with a heating rate of 108C min À1 .
Sample analysis
Sample extraction. The vial liquid-liquid extraction method was used for the extraction of supernatant of each sample into hexane with TCMX as a surrogate standard. Ten milliliters of surrogate solvent (prepared in hexane) with 20 mL of sample were taken into a 40 mL vial sealed with Teflon Ò -lined screw caps. All the samples were extracted in duplicate to determine the variation in extraction procedure. The vials were shaken vigorously for 30 s three times at intervals of 30 s each and then stored for at least for 24 h at 48C to allow proper extraction. The extracts were passed through sodium sulfate to remove water. GC vials were then prepared with filtered extracts and addition of 2,4,6-trichlorobiphenyl as an internal standard.
Gas chromatography=mass spectrometry. All the extracts were analyzed using the internal standard method on Varian CP3800 Gas Chromatograph (GC)=Saturn 2200 Ion Trap Mass Spectrometer (MS) with a CP8400 Auto Sampler (Varian, Palo Alto, CA) with one readback and one blank run after every eighth sample for each run. The concentration of PCB in blanks was nondetectable. The GC column used was a DB-5 type capillary column (Varian Factor Four VF-5 ms), 30 m long, 0.25 mm i.d., and 0.5-mm thick. The ion-trap was operated in selected scan mode (MS=MS) for each PCB congener. The column oven temperature was programmed at 408C with hold time of 2 min followed by a temperature ramp up to 1848C at the rate of 128C=min and then to 2808C at the rate of 48C=min with a final hold time of 2 min. The surrogate recoveries were all in the range of 70-120% using this internal standard method.
Results and Discussions
Kinetics
The kinetic experiments were conducted to estimate the equilibration time for adsorption of 2-chlorobiphenyl on two compositions of organoclays having different base clays (CETCO, a bentonite-based organoclay, and Polymer Ventures, an attapulgite-based organoclay). The results showed approximately the same time was required to reach equilibrium for both types of organoclays (Fig. 2) . The sorption kinetics of 2-chlorobiphenyl were investigated in the presence and absence of humic acid. For this purpose both types of organoclays were preloaded with humic acid prior to the spiking of 2-chlorobiphenyl in the system. Equilibrium was reached at approximately 48 h for bare organoclays, but the presence of humic acid significantly decreased the sorption kinetics. This may be due to the slow diffusivity of 2-chlorobiphenyl into the interlayer spacing of organoclays in the presence of humic acid molecules that can block the path of the contaminants due to hydrophobic interactions with organophilic outer layers of organoclays. This is conceptually similar to the well-established phenomenon of pore blockage by humic acid molecules on activated carbon; in this case, it is hypothesized that humic acid blocks the access to the clay interlayers, which are on the order of 35 Å in size (Table 1) .
Kinetics were important to characterize not only for the conduct of isotherm experiments but also for understanding the practical application of a thin reactive cap; studies conducted at Anacostia River for demonstration of specific discharge and tidal heights showed the average specific discharge of sediment pore water to the overlying water column was 5 cm=day (Draft Data Report, 2006) . This underscores the significance of understanding adsorption kinetics, as residence time in a thin layer cap may be significantly less that 24 h. Given that the residence time of porewater moving through a thin reactive cap can be as little as 4.8 h (for a 5-cm= day flux and 1-cm thick cap), a decision had to made for how long to equilibrate samples when conducting isotherm experiments (48 h was used in the experiments discussed below).
Isotherms
The sorption affinity of a range of PCB congeners (Table 2) for three commercially available organoclays was evaluated in the presence and absence of humic acid. The effect of humic acid was evaluated by preloading organoclay with humic acid prior to PCB spiking and by spiking humic acid in the system after PCB adsorption on organoclay to investigate whether high humic acid concentrations would cause appreciable desorption of PCBs. Preloading was estimated to simulate the typical site conditions where sorbents might come across very high concentrations of natural organics that can affect the sorption affinity of sorbents for target organic contaminants. Desorption studies simulated the long-term exposure of these sorbents to organic acids after adsorption of contaminants as well as to determine the reversibility of the system. Adsorption affinity of PCBs for the sorbents was evaluated by using a linear fit and a nonlinear Freundlich fit for the data (Table 3 ). The linear fit is provided here to enable straightforward comparison of sorption affinities, although the data are clearly nonlinear in nature. The Freundlich model used is described as:
where q e is the mass of contaminant adsorbed on the sorbent (mg=g), K F is the Freundlich isotherm constant, C e is the aqueous phase concentration (mg=L), and 1=n is the dimensionless Freundlich exponent. The value of the Freundlich exponent was used to characterize the nature of adsorption of PCBs on organoclays. The nonlinearity of isotherms was estimated based on (1=n) values; the trend is considered to be favorable for (1=n) < 1 and unfavorable for (1=n) > 1. Sorption of 2-chlorobiphenyl was evaluated for all the three organoclays including CETCO organoclay, Polymer Ventures organoclay, and Biomin Inc. organoclay (Fig. 3A-C) . Figure 3 shows a significant decrease in adsorption affinity due to humic acid preloading on all three organoclays for sorption of 2-chlorobiphenyl; no desorption was noticed for CETCO and Biomin Inc. organoclays, and slight desorption was noticed in 
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the case of Polymer Ventures organoclay when humic acid was postloaded. The adsorption coefficients (K d ) based on a linear fit of the data showed greater affinity in the case of bare CETCO organoclay compared to the other two compositions, but the sorption affinity of all organoclays for 2-chlorobiphenyl was found to be less compared to coconut shell activated carbon as evaluated in the previous studies (Table 3 ) (Sharma, 2008) . A 78% reduction in the sorption affinity (based on K d values) for CETCO organoclay resulted from preloading with humic acid (Table 3 ). The reduction was about 60% for Polymer Ventures organoclay and about 45% for Biomin Inc. organoclay. A statistical analysis was conducted to evaluate the performance of the three compositions of organoclays for the sorption of 2-chlorobiphenyl. The model (Model 1) was developed on the Fit model platform using software JMP Ò 7. The hypothesis of this model was that there was a difference in the performance of the three organoclays for 2-chlorobiphenyl sorption in the presence and absence of humic acid. The three factors considered in this model were: type of organoclay, loading rate of 2-chlorobiphenyl, and treatment effects (preloading=postloading of humic acid) on organoclay. The regression analysis was done using a full factorial design with these three factors. According to the analysis of variance (ANOVA) the p-value was <0.0001; therefore, the hypothesis of the model was significant: all three factors were significant. The F-test was performed on each term in the model including the main effects and interaction terms to determine the significance of the factors based on a p-value <0.05. The leastsquare means of adsorbed concentration of 2-chlorobiphenyl on all organoclays were plotted against the treatment effects (preloading=desorptionof humic acid) and are shown in Fig. 4 . There was no significant difference in the performance of bare CETCO and Polymer Ventures organoclays; however, the sorption affinity for Biomin Inc. organoclay was less. The preloading of organoclays with humic acid significantly reduced their sorption affinity (Fig. 4) . No desorption was found in the case of CETCO and Biomin Inc. organoclay but slight desorption was observed in the case of Polymer Ventures organoclay. Interestingly, there appears to be some enhancement of adsorption when humic acid was added after PCBs were allowed to equilibrate for 48 h (Fig. 3A and C) . This effect is hypothesized to be a result of the sorption of aqueous humic acid-PCB complexes. Although these complexes would also adsorb in the experiments where humic acid was preloaded on the organoclay, the blockage of adsorption sites by humic acid molecules (prior to PCB adsorption at those sites) is a more significant effect, resulting in the net reduction in observed adsorption affinity. 2,2 0 ,5,5 0 -Tetrachlorobiphenyl sorption isotherms were obtained using CETCO and Polymer Ventures organoclay (Fig.  5A-B) . Based on the K d values (Table 3) , the sorption affinity of Polymer Ventures organoclay was higher than CETCO organoclay but preloading with humic acid significantly reduced the sorption affinity for both types of organoclays. The reduction was found to be 76% for CETCO organoclay and 96% in the case of Polymer Ventures organoclay (Table 3 ). The performance of these two organoclays for sorption of 2,2 0 ,5,5 0 -tetrachlorobipheny was also analyzed statistically using a Fit model platform in JMP Ò 7. The model (Model 2) was developed based on the same hypothesis as used in the first statistical model: that the performance of CETCO and Polymer Ventures organoclays are different for 2,2 0 ,5,5 0 -tetrachlorobiphenyl sorption. In this model three factors were taken into consideration: type of organoclay, treatment on organoclay (humic acid pre-or postloading) and loading rate of 2,2 0 ,5,5 0 -tetrachlorobiphenyl. The full factorial design was developed with all three factors and the quadratic term for loading rate. According to ANOVA, the p-value obtained was <0.0001; therefore, the hypothesis of Model 2 was significant. The Student's t at a ¼ 0.05 showed the performance of bare Polymer Ventures organoclay to be better than that of CETCO organoclay. The preloading of humic acid was found to be more significant for Polymer Ventures organoclay, but desorption effects were found to be similar for both materials (Table 4 ). The analysis demonstrates that CETCO organoclay performed better than Polymer Ventures organoclay for 2,2 0 ,5,5 0 -tetrachlorobiphenyl in the presence of preloaded humic acid.
The sorption affinity for CETCO organoclay was further evaluated for coplanar 3, 3 0 ,4,4 0 -tetrachlorobiphenyl and two hexachloro-congeners: one noncoplanar and one coplanar (Figs. 5A, 5C , and 6). Adsorption coefficients (K d ) of the noncoplanar congeners were found to be higher compared to their coplanar isomers for both tetra-and hexachlorobiphenyls (Table 3 ). The reduction in sorption affinity from preloading of humic acid was found to be more pronounced for coplanar congeners but desorption was found to be similar for both noncoplanar and coplanar congeners. There was a 93% reduction in performance of CETCO organoclay for 3,3 0 ,4,4 0 -tetrachlorobiphenyl, 86% for 2,2 0 ,4,4 0 ,5,5 0 -hexachlorobiphenyl and 93% for 3,3 0 ,4,4 0 ,5,5 0 -hexachlorobiphenyl (based on the change in linear adsorption coefficients). It is interesting to note that in previous studies, the reduction in performance of activated carbon was noticed to be greater for noncoplanar congeners where as the opposite is true for CETCO organoclay (Sharma, 2008) . The sorption affinity for CETCO organoclay was also found to be highest for highly chlorinated congeners and the order was: hexachlorobiphenyl > tetrachlorobiphenyl ! monochlorobiphenyl, which is similar to the behavior of activated carbon (Table 3) .
A statistical analysis was done using JMP Ò 7 and a model (Model 3) was developed to evaluate the performance of CETCO organoclay for tetra-and hexachlorobiphenyl based on the degree of chlorination as well as coplanarity of the congeners in the presence and absence of humic acid. The hypothesis of this model was that the degree of chlorination of PCBs and their coplanarity affect the sorption affinity for CETCO organoclay. The full factorial design was developed for regression analysis of the model with the three factors and the quadratic term for loading rate. The p-value obtained was <0.0001 in ANOVA; therefore, the degree of chlorination, coplanarity, and presence=absence of humic acid were all significant. The least-square means plot was obtained by plotting least square means of adsorbed concentration of all PCB congeners against the treatment effects (preloading= desorption with humic acid) on CETCO organoclay (Fig. 7) . The preloading effect was found to be more pronounced in the case of coplanar congeners compared to their noncoplanar isomers, and desorption effects were not substantial in any case. It was also observed that the adsorption affinity for CETCO organoclay was higher for hexachlorobiphenyls than for tetrachlorobiphenyls for all the treatment effects.
Summary
Adsorption of a range of PCB congeners to three commercially available organoclays was conducted to investigate the sorption kinetics (for 2-chlorobiphenyl) and sorption affinity for four additional congeners (a coplanar tetrachlorobiphenyl, noncoplanar tetrachlorobiphenyl, coplanar hexachlorobiphenyl, and noncoplanar hexachlorobiphenyl). Experiments were conducted with organoclays that had been preloaded with humic acid for 48 h, with bare organoclay, and with humic acid spiked into bare organclay experiments after equilibration of bare organoclay with PCBs to investigate propensity for desorption from these materials. Experimental results showed equilbrium was achieved for bare organoclays in 48 h, whereas organoclays preloaded with humic acid equilibrated in approximately 200 h. In desorption studies 2-chlorobiphenyl did not show any effect from humic acid added in the system after its adsorption but there was some effect in the case of tetra-and hexachlorinated congeners. In contrast to characteristics typical of activated carbon, coplanar congeners studied were more significantly affected by humic acid preloading than the noncoplanar isomers.
